Introduction cytosis, we generated a series of mutations in Drosophila Hsc4, the closest homologue of bovine Hsc70, and Regulated neurotransmitter release is accomplished by examined their effects on the physiology of larval neurocoupling nerve activity and exocytosis on a submillisecmuscular junctions (NMJs). Stimulus-evoked synaptic ond scale, such that Ca 2ϩ influx through Ca 2ϩ channels transmission elicited at 0.2 Hz in hypomorphic hsc4 mutriggers the fusion of synaptic vesicles with the presyntants was reduced by ‫%05ف‬ at 23ЊC, and abolished aptic plasma membrane. Membrane fusion is in part above 30ЊC. The defect was intrinsic to the presynaptic mediated by the SNARE or core complex including the terminal, because neither nerve excitation, nor the postproteins synaptobrevin, syntaxin, and SNAP-25 (Bensynaptic sensitivity to neurotransmitter was impaired.
fenati et al., 1999). After exocytosis, vesicle membranes
Further experiments localized the defect to a step that and most of their unique proteins are rapidly recaptured is likely to increase the Ca 2ϩ sensitivity of Ca 2ϩ -triggered and locally recycled by at least two kinetically distinct vesicle fusion downstream of the Ca 2ϩ sensor. In addiendocytotic pathways, the "kiss and run" pathway (Cection, a thermo-intolerant defect of Ca 2ϩ clearance was carelli et al., 1973), and receptor-mediated endocytosis indicated by increased Ca 2ϩ resting levels in presynaptic (Heuser and Reese, 1973) . terminals at 34ЊC. The thermo-intolerant loss and the The 70 kDa heat-shock cognate protein (Hsc70) catareduced Ca 2ϩ sensitivity of exocytosis in hsc4 mutants lyzes in vitro and in vivo the uncoating of clathrin-coated are reminiscent of the defects observed in Drosophila vesicles, the final step of receptor-mediated endocytocsp mutants. Because homozygous hsc4-csp double sis (Rothman and Schmid, 1986 ; Cremona and De Camutants showed a similar loss of evoked release as milli, 1997; Newmyer and Schmid, 2001). Hsc70 is a constitutively expressed member of the stress-induced individual csp and hsc4 mutants, it appeared likely that Hsp70 family, which exhibits a weak intrinsic ATPase both proteins act in the same signaling pathway. This activity that is significantly stimulated by its binding to idea was strengthened by the ATP-dependent interaccofactors (Bukau and Horwich, 1998 (Table 1) . Both transposons are inserted into the first exon of the hsc4 gene ( Figure  1A ), just after the proposed RNA-transcription start site (Perkins et al., 1990) . To obtain stronger mutations, we remobilized the P element in hsc4
3550 to generate precise and imprecise excisions. Three additional classes of alleles were recovered (Table 1) : recessive lethal alleles causing developmental arrest in early larval stages, recessive lethal alleles interrupting development during late larval to early pupal stages, and viable alleles reverting the semilethal phenotype of the original insertion. Homozygous larvae from all lethal groups showed sporadic but reduced muscle contractions suggestive of a neurological defect. Like hsc4
R12
, all alleles of the viable group were precise excisions, restoring the original gene sequence and thus excluding a second-site mutation.
The lethal mutations hsc4
⌬11
, hsc4
⌬16
⌬27
, and (Figure 2A ). Homozy- Furthermore, no expression differences were found in larval brain extracts of hsc4 ⌬19 and controls for all of the The loss of nerve-evoked synaptic transmission in hsc4 mutants could arise at many different steps, from examined synaptic proteins ( Figure 3C ). To test whether the loss of Hsc4 could be in part compensated by an failure of nerve excitation to loss of postsynaptic glutamate receptor activities. To exclude a failure of nerve upregulation of related Hsc70 proteins, we examined the expression of stress-induced Hsp70 in hsc4 mutant excitation or conduction, we electrotouically elicited EJPs in the absence of Na ϩ channel-mediated action 1st instar larvae raised at 18ЊC. Hsp70 was detectable in protein extracts of hsc4 ⌬11 and hsc4 ⌬27 mutant extracts, potentials, which were blocked by application of the Na ϩ channel inhibitor Tetrodotoxin (TTX). Electrotonic but not in control extracts ( Figure 3D ). Because the antibody may crossreact with other Hsc70 isoforms, this stimulation of release is possible by positioning the stimulating electrode close to the nerve terminal and using suggests that Hsp70 or a related Hsc70 homolog could compensate for some of the deficits induced by the loss stimuli with increasing intensity (Yuan and Ganetzky, 1999) . At a normal stimulation intensity, application of of Hsc4. 5 M TTX completely abolished nerve-evoked EJPs, both in control and hsc4 mutants. Subsequent stimulaCa 2؉ Sensitivity of Evoked Release, but Not Ca
2؉
Cooperativity, Is Impaired in hsc4 Mutants tion with intensities 10-fold over threshold then elicited EJPs in control and hsc4 ⌬19 mutants ( Figure 2D ). HowTo quantify the reduction in neurotransmitter release, we estimated the number of quanta released per stimuever, such electrotonically elicited EJPs were still reduced in hsc4 ⌬19 to 49% Ϯ 14% of control, thus indicatlus as defined by the ratio of mean EJP/mEJP amplitudes, after correcting for nonlinear summation using a ing a defect downstream of nerve excitation.
Analysis of spontaneous neurotransmitter release rereversal potential of 0 mV ( ⌬19 mutant terminals contain a large number of clear synaptic vesicles similar to control ( Figure 6A ). As in control boutons, clathrincoated vesicles in homozygous hsc4 ⌬19 mutant boutons were also not detectable, suggesting that hsc4 ⌬19 does not significantly interfere with the uncoating of clathrincoated vesicles at larval NMJs.
To strengthen the ultrastructural studies, we investigated the physiology of synaptic vesicle recycling with two different assays. We measured activity-dependent membrane uptake with the fluorescent styryl dye FM1-43 ( press at all; instead, they were facilitated to 177% Ϯ 
⌬11
, and found that nerveevoked EJP amplitudes were significantly reduced in reduced to 37% Ϯ 6% of control amplitudes ( Figure  9A ) and were statistically similar to the reduced EJP these synthetic mutants. EJP amplitudes in trans-heterozygous hsc4
⌬356/ϩ -csp X1/ϩ larvae were reduced to amplitudes recorded from individual homozygous hsc4 3550 or csp U1 mutant NMJs. The frequency and ampli-75% Ϯ 4% of control amplitudes, and to 63% Ϯ 5% in hsc4
⌬11/ϩ -csp X1/ϩ larvae ( Figure 9B ). Together these tudes of spontaneously occurring mEJPs in double mu-results suggest that both proteins are likely to form a significant expression of Hsc4 was not detectable at hsc4 ⌬19 NMJs, residual levels could still be sufficient complex that acts in the same signaling pathway leading for the clathrin-uncoating reaction. In addition, related to Ca 2ϩ -triggered neurotransmitter exocytosis.
Hsc70 isoforms could substitute for the loss of Hsc4 function. In particular, stress-induced Hsp70 expression Discussion was abnormally induced in hsc4 mutants, although it remains unclear whether Hsp70 can bind clathrin. In this study, we genetically tested the function of the A potential defect in the machinery refilling the readily clathrin-uncoating ATPase Hsc70 at Drosophila motor releasable pool can also be excluded as a primary cause nerve terminals. Of the five hsc70 genes in Drosophila, for the loss of release in hsc4 mutants, because repetiwe examined mutations in the hsc4 gene, because this tive stimulation caused a striking facilitation of evoked is considered the closest homolog to bovine Hsc70. Hsc4 showed an indistinguishable loss of nerve-evoked release, suggesting that both proteins act in the same 
